A bl family nonreceptor tyrosine kinases, which include Drosophila (D)-Abl and the mammalian Abl and Abl-related gene (Arg) proteins, are important regulators of cellular morphogenesis in developing metazoan nervous systems. For example, D-Abl is localized to the growth cones of developing neurons, where it is required for normal fasciculation and axon pathfinding (1) (2) (3) (4) . Activated Abl mutants also promote neurite outgrowth when introduced into cultured mouse cortical neurons (5) . In developing mice, the mammalian Abl family kinases Abl and Arg are most abundant in the neural tube, where they colocalize with bundles of apical actin filaments in neuroepithelial cells (6) . abl Ϫ͞Ϫ arg Ϫ͞Ϫ mouse embryos suffer from a severe ''buckling'' of the neural tube that may result from the disorder of filamentous (F)-actin bundles observed in these embryos (6) .
Abl family kinases regulate cellular morphology and motility through functional interactions with the actin cytoskeleton. Dosage-sensitive modifiers of D-abl mutant phenotypes include several regulators of cytoskeletal dynamics (3, 4, (7) (8) (9) . These proteins may act in one or more D-Abl-regulated pathways to exert regulatory control over the actin cytoskeleton during neuronal morphogenesis. Vertebrate Abl family kinases can also direct functional rearrangements of the actin-based cytoskeleton. For example, the activated Bcr-Abl fusion oncoprotein can evoke multiple changes in the actin cytoskeleton, leading to increases in membrane ruffling and filopodial extension (10) . In addition, although treatment of mouse fibroblasts with plateletderived growth factor leads to an F-actin-mediated membrane ruffling, Abl-deficient fibroblasts exhibit a greatly reduced membrane ruffling response in this assay. This deficiency can be rescued by reexpression of Abl (11) , demonstrating a direct role for Abl in the control of ruffling.
Despite the identification of multiple Abl family kinase pathway components, the molecular mechanisms by which Abl family kinases regulate cytoskeletal structure remain to be elucidated. Abl contains binding domains for globular (G)-and F-actin at its C terminus (9, 12, 13) . Elimination of the C-terminal F-actin-binding domain severely compromises the oncogenic potential of Bcr-Abl (14, 15) , suggesting that interactions of Bcr-Abl with F-actin may contribute to substrate selection. F-actin-binding domains likely tether Abl family kinases near important regulators or substrates, which may be associated themselves with the actin cytoskeleton. We examined the F-actin-binding properties of Arg as a first step toward understanding how interactions between this Abl family kinase and F-actin might influence kinase activity, substrate targeting, and F-actin organization within the cell.
We show here that Arg binds cooperatively to F-actin in vitro. Moreover, Arg can assemble F-actin into tight bundles in vitro, an activity that requires both the C-terminal F-actin-binding domain and a previously uncharacterized internal F-actinbinding domain. We also show that both of these F-actin-binding domains are required for Arg to induce the formation of actin-rich structures at the lamellipodia of Swiss 3T3 fibroblasts. Together, our studies suggest that Abl family kinases may regulate cytoskeletal structure by bundling F-actin in vivo.
Materials and Methods
Molecular Cloning and Production of Recombinant Proteins. Fulllength murine Arg and Arg mutant cDNAs were cloned into pFastBac HTa plasmids. All Arg constructs begin with the first common exon (E74 in myristoylated Arg). Amino acids are numbered as for the myristoylated form of murine Arg. Deletion mutants lack the amino acids indicated in parentheses: Arg⌬GF (1034-1182), Arg⌬C (558-1182), Arg⌬Int (688-1034), and Arg⌬SH3͞2 (1-281). Arg protein fragments include the indicated amino acids: Arg688-1182, Arg688-1034, and Arg1034-1182. Arg proteins were produced in Hi5 insect cells and purified on nickel-nitrilotriacetic acid (Qiagen, Chatsworth, CA) and UnoS (Bio-Rad) columns. Gel filtration of full-length Arg was performed on a Sephacryl S-200 (Amersham Pharmacia) column. All glutathione S-transferase (GST) fusion proteins were expressed in Escherichia coli and purified as described (16) . Full-length or mutant versions of Arg were cloned into the pEYFPN1 plasmid (CLONTECH) for localization experiments.
for 15 min at room temperature in a buffer containing 20 mM Pipes, pH 7.0, 10 mM imidazole, pH 7.0, 100 mM KCl, 2 mM MgCl 2 , and 0.01% Nonidet P-40. The mixtures were centrifuged at 120,000 ϫ g for 30 min at 4°C. Equal amounts of supernatant and pellet were separated on an SDS͞PAGE gel. After Coomassie blue staining, protein bands were quantified by densitometry. For Scatchard analysis, P͞S was plotted versus P, where P ϭ the concentration of Arg bound to F-actin and S ϭ the concentration of Arg in the supernatant. Bundling assays were performed similarly except Arg͞F-actin mixtures were centrifuged at 10,000 ϫ g for 10 min (18) .
Electron Microscopy. Phalloidin-stabilized F-actin (0.5 M) was incubated with 0.5 M Arg or Arg mutant for 15 min at room temperature. The mixture was applied to nitrocellulose and carbon-coated copper grids and negatively stained with 1% uranyl acetate. Specimens were viewed on a Zeiss 1°C electron microscope at an accelerating voltage of 80 kV.
Confocal Microscopy. Arg-yellow fluorescent protein (YFP) or Arg mutant-YFP DNA constructs were transfected into Swiss 3T3 cells using PolyFect reagent (Qiagen). Immunoblotting with anti-YFP antibodies revealed that each of the YFP fusion proteins were of the expected size and expressed at similar levels in transfected cells. After 24 h, cells were fixed with 2% paraformaldehyde and stained with rhodamine phalloidin (Molecular Probes). Coverslips were viewed on a Zeiss confocal microscope at a magnification of ϫ63.
Results
Arg Binds F-Actin Cooperatively. We measured the ability of purified recombinant Arg ( Fig. 1 A and B) to bind F-actin by using a cosedimentation assay. Increasing amounts of Arg (0.125-1 M) were mixed with a fixed amount of F-actin (1 M). After high-speed centrifugation at 120,000 ϫ g, the amount of Arg cosedimenting with F-actin in the pellet fraction was measured. Arg could be recovered in the pellet fraction, demonstrating an association of Arg with F-actin (Fig. 1B) . However, when incubated alone, Arg remained in the supernatant after centrifugation (Fig. 1B) . Scatchard analysis revealed that Arg binding to F-actin saturated at 0.5 M of bound Arg when the F-actin concentration was kept constant at 1 M (Fig. 1G) , a binding ratio of one Arg͞two actin molecules. The convex shape of the Scatchard plot indicated that Arg binds to F-actin with positive cooperativity ( Fig. 1G ; ref. 19) . A similar convex Scatchard plot has been observed for the actin-bundling protein adducin (20) . Hill plot analysis confirmed that Arg binding to F-actin was cooperative, exhibiting a Hill coefficient of Ϸ1.9 (data not shown).
To better define which Arg residues were required for F-actin binding, we measured the F-actin-binding activity of Arg deletion mutants ( Fig. 1 A) . Van Etten et al. (13) have identified distinct Gand F-actin-binding domains at the C-terminal end of Abl. These G-and F-actin-binding domains are 26% identical (32% similar) and 57% identical (67% similar) in Arg, respectively ( Fig. 1 A) . The Arg⌬GF mutant lacking these domains retained F-actin-binding activity, although in comparison to full-length Arg, less Arg⌬GF bound to F-actin at each concentration tested ( Fig. 1 B and C) . Removal of the Src homology 3 and 2 domains of Arg had no effect on the F-actin binding properties of Arg (data not shown), but an Arg mutant lacking all residues C-terminal to the tyrosine kinase domain (Arg⌬C) failed to bind F-actin (Fig. 1E) . Together, these observations suggested that Arg contained a second F-actinbinding domain located between the tyrosine kinase domain and the putative G-actin-binding domain. Similar to Arg⌬GF, the internal deletion mutant Arg⌬Int bound comparatively less well to F-actin than full-length Arg ( Fig. 1 B and D) . These observations suggested that the residues missing from Arg⌬Int (amino acids 688-1034) contributed to the second Arg F-actin-binding domain.
Although the cooperativity of Arg binding to F-actin precluded an accurate determination of the dissociation constant of Arg for F-actin (19), the apparent K d was Ϸ0.3 M. Scatchard analysis revealed Arg⌬GF and Arg⌬Int did not bind cooperatively to F-actin, allowing us to determine that Arg⌬GF bound to F-actin with a K d of 4.1 M, whereas Arg⌬Int bound with a K d of 3.1 M (Fig. 1G ). These observations suggest that the F-actin-binding domains retained in each mutant bound F-actin with similar affinity.
We also measured the F-actin-binding properties of Arg688-1182, a C-terminal Arg fragment containing both putative F-actin-binding domains ( Fig. 1 A and F) . A Scatchard plot indicated that Arg688-1182 did not exhibit cooperativity in its binding to F-actin (Fig. 1G) . However, Arg688-1182 bound F-actin with a K d of 0.7 M, Ϸ5-fold higher affinity for F-actin than either the Arg⌬GF or Arg⌬Int deletion mutants. These data illustrated that an Arg fragment containing both the putative F-actin-binding domains bound F-actin more tightly than Arg mutants that retained only one of the F-actin-binding domains. We also find that Arg688-1182 failed to bind to microtubules in a cosedimentation assay (data not shown), suggesting that Arg688-1182 does not associate with polymers via a nonspecific electrostatic effect.
Arg Bundles F-Actin. Proteins that contain two F-actin-binding domains sometimes can bundle F-actin. Because the evidence presented above suggested that Arg might contain two distinct F-actin-binding domains, we investigated whether Arg could bundle F-actin. We used a low-speed centrifugation assay to measure F-actin bundling by Arg (18) . F-actin remains in the supernatant after low-speed centrifugation at 10,000 ϫ g ( Fig. 2A) . However, when included in the incubations, Arg assembled F-actin into high molecular mass aggregates that were recovered in the pellet fraction (Fig. 2 A) . We confirmed that these aggregates were F-actin bundles using electron microscopy ( Fig. 2 E and F) . When incubated under conditions identical to those used in the bundling experiments, Arg eluted from a Sephacryl S-200 gel filtration column at a position corresponding to a monomer of 130 kDa (Fig.  5 , which is published as supporting information on the PNAS web site, www.pnas.org). This observation suggested that Arg might bundle F-actin by binding two distinct actin filaments via each of its F-actin-binding domains. In support of this theory, both Arg⌬GF and Arg⌬Int failed to bundle F-actin (Fig. 2 B, C, and G) , indicating that both of the putative actin-binding domains are required for F-actin-bundling activity.
Arg688-1182 assembled F-actin into bundles that were recovered in the low-speed pellet fraction (Fig. 2D) . These data indicate that Arg's two F-actin-binding domains are sufficient for F-actinbundling activity. We consistently noted that less Arg688-1182 was brought down in the F-actin bundles than full-length Arg, which we attributed to Arg688-1182's lower affinity for F-actin than fulllength Arg. However, Arg688-1182 assembled F-actin into bundles that were indistinguishable from those assembled with full-length Arg (compare Fig. 2F with 2H) . We conclude that Arg688-1182 can bundle F-actin effectively even when bound to F-actin at lower amounts than those achieved by full-length Arg.
Two Distinct Classes of F-Actin-Binding Domains in Arg. Although Arg⌬GF and Arg⌬Int could each bind F-actin, both mutants failed to bundle actin filaments (Fig. 2 B, C , and G; summarized in Table 1 ). These data suggested that the residues missing in Arg⌬GF (amino acids 1034-1182) and Arg⌬Int (amino acids 688-1034) harbored distinct F-actin-binding domains.
We aligned the amino acid sequences of the two putative Arg F-actin-binding domains to sequences of known actin-binding domains. The internal F-actin-binding domain contains sequences (amino acids 695-930) that align with members of the I͞LWEQ class of F-actin-binding domains (named for the conserved initial residue in each of four blocks of homology; ref. 21 ). The Arg I͞LWEQ domain is most similar to the I͞LWEQ domains of the talin proteins from mouse and Caenorhabditis elegans (Fig. 6A , which is published as supporting information on the PNAS web site). The Arg I͞LWEQ domain is identical to one or both talin I͞LWEQ domains at 28% (52͞188) of the positions examined. Although the Arg I͞LWEQ domain contains amino acid insertions into blocks two and four of the canonical I͞LWEQ domain sequences, the identity between the Arg and talin I͞LWEQ domains extends to areas between the I͞LWEQ homology blocks.
We determined that the C-terminal G-and F-actin-binding domains of Arg aligned with members of the CH class of F-actinbinding domains (22) . The Arg CH domain is most similar to the human ␤-spectrin CH domain and the N-terminal CH domain from human fimbrin (Fig. 6B) . The Arg CH domain is identical to one or both of these CH domains at 27% (26͞98) of the positions examined. The Arg CH domain contains a large amino acid insertion in the middle separating it into N-and C-terminal portions of homology with the fimbrin and ␤-spectrin CH domains. In conjunction with peptide-binding and genetic studies, atomic modeling of fimbrin binding to F-actin strongly suggests that the F-actin-binding residues in the CH domain are concentrated in its C-terminal portion (23) . The Arg CH domain is 38% (16͞42) similar to the fimbrin CH domain in this putative actin-interaction region. Single CH domains may function differently than actinbinding domains, which contain two CH domains in tandem (22) . Because both fimbrin and spectrin have tandem CH domains, whereas Arg contains a single CH domain, we also compared Arg to another single CH domain-containing protein, mouse H 2 -calponin (ref. 24 ; Fig. 6C ). Overall, the Arg CH domain is identical to the H 2 -calponin CH domain at 20% (29͞148) of the positions examined.
We observed little F-actin binding by Arg fragments identified as distinct putative F-actin-binding domains (amino acids 688-1034 and amino acids 1034-1182). We examined whether dimerization of the domains by fusion to GST might allow for detectable interactions with F-actin ( Fig. 3A; refs. 24 and 25) . We detected no binding of GST alone to F-actin, as has been reported previously (ref . 13; Fig. 3B ). The GST-694-930 and GST-1034-1182 fusion proteins each bound to F-actin as revealed by high-speed cosedimentation experiments (Fig. 3 C and D) . Gel filtration analysis indicate that these GST-694-930 and GST-1034-1182 fusion proteins formed dimers of approximately twice their expected monomeric size (data not shown). We conclude that F-actin binding by the individual F-actin-binding domains is detectable only when these domains are dimerized by fusion to GST. When fused to GST, smaller pieces of the F-actin-binding domains (amino acids 694-776, 1034-1140, and 1141-1182) all failed to bind F-actin, and GST-777-930 bound F-actin weakly (Table 1) .
We also determined whether the distinct F-actin-binding domains could compete for binding sites on F-actin using a high-speed cosedimentation assay. Increasing the concentration of GST-1034-1182 in incubations containing a constant amount (10 M) of GST-694-930 resulted in decreased amounts of GST-694-930 bound to F-actin (Fig. 3E) . By gel filtration, we found no evidence that GST-694-930 or GST-1034-1182 dimers could exchange subunits when incubated together in the absence of F-actin. Our observations suggest that the two Arg F-actinbinding domains compete for binding to F-actin.
Arg-YFP Fusion Directs the Formation of F-Actin-Rich Structures in
Fibroblasts. We expressed full-length Arg and Arg fragments fused to YFP in Swiss 3T3 fibroblasts to examine whether Arg's F-actin- bundling function could influence cytoskeletal structure in vivo. Arg-YFP was associated with F-actin-rich structures that appeared in the lamellipodia of transfected cells (Fig. 4A, a-l) . These F-actin-rich structures were not observed in control YFPtransfected cells where the YFP signal remained diffusely distributed (Fig. 4A, v-x) . Formation of the F-actin-rich structures by Arg-YFP required the presence of both F-actin-binding domains, because Arg⌬C-YFP, Arg⌬Int-YFP, and Arg⌬GF-YFP each failed to induce actin-rich structures or colocalize with F-actin (Fig. 4A,  m-u) . However, Arg688-1182-YFP could direct the formation of the F-actin-rich structures (Fig. 4B, a-f ) . Neither of Arg's F-actinbinding domains alone (Arg688-1034-YFP or Arg1034-1182-YFP) colocalized with F-actin or directed the formation of the actin-rich structures (Fig. 4B, g-l) . We conclude that both of Arg's F-actin-binding domains are necessary and sufficient for the formation of the F-actin-rich structures in Swiss 3T3 cells.
Discussion
In this paper, we identified the presence of two distinct classes of F-actin-binding domains in Arg and demonstrated that both Factin-binding domains are required for Arg to bundle F-actin in vitro and direct the formation of actin-rich structures in vivo.
Our results suggest that by bundling F-actin, Abl family kinases can directly regulate cytoskeletal structure in vivo. We showed previously that both Abl and Arg colocalize with the contractile F-actin latticework at the apical surface of neuroepithelial cells in the developing mouse neural tube (6) . A loss of this F-actinbundling activity may lead to the disordered F-actin observed in (6) . We show here that Arg and Arg fragments that retain F-actin-bundling activity promote the formation of actin-rich structures in Swiss 3T3 cells, strongly suggesting that Arg's bundling activity is necessary and sufficient to direct rearrangements of the actin cytoskeleton in cells. However, we cannot rule out the possibility that Abl family kinases influence actin cytoskeletal structure via additional mechanisms in vivo.
Arg represents Ϸ0.004% of protein in whole brain extract (6) . Considering that the in vivo concentration of proteins probably is Ϸ70-100 mg͞ml, we estimate the concentration of Arg (130 kDa) to be Ϸ20-30 nM if Arg were distributed diffusely throughout cells. However, our recent localization studies reveal that within neurons, Arg is localized to dendritic spines (A. J. Scheetz and A.J.K., unpublished data). Because dendritic spines represent 5% or less of total brain volume, we estimate the concentration of Arg in spines to be 400-600 nM, which is within the proper range for Arg to play a direct role in organizing F-actin in spines. We observe a similar concentration of the Arg-YFP and Arg688-1182-YFP fusion proteins with F-actin-rich structures at the lamellipodia of Swiss 3T3 fibroblasts. In addition to binding and bundling F-actin, residues 688-1182 may help to tether Arg to cell surface or cytoskeletal proteins that help to concentrate Arg within the cell.
Our studies have identified and characterized two distinct classes of F-actin-binding domains in Arg. Although the Arg C-terminal CH-like F-actin-binding domain had been suggested by sequence comparison to Abl, it had not been shown previously to bind F-actin. In fimbrin, each actin-binding domain is comprised of two tandem CH domains that seem to play nonequivalent roles in F-actin binding (23) . Single CH domains bind only weakly to F-actin unless assisted by a second F-actin-binding domain (22) . We indeed have identified a second F-actin-binding domain in Arg of the I͞LWEQ class.
The ability of the isolated Arg I͞LWEQ and CH domains to compete for F-actin binding strongly suggests that these domains have overlapping binding sites on the actin filament. This observation would explain why Arg binding to F-actin saturates at a molar ratio of one molecule of Arg͞two molecules of F-actin. One actin unit would be required to accommodate each of the two Arg F-actin-binding domains when binding is saturated. An atomic modeling study indicates that the fimbrin CH domain docks into a cleft between subdomain 2 of one actin subunit (at position n along the filament) and subdomain 1 of the actin monomer above it (at position n ϩ 2 along the filament; ref. 25) . Because the Arg I͞LWEQ domain competes with the Arg CH domain for F-actin binding, we predict that the I͞LWEQ binding site on F-actin may include all or a portion of the CH-binding cleft.
Although Arg binding to F-actin saturates at a ratio of one Arg͞two actin molecules, Arg688-1182 seems to bind to F-actin at a much lower density of approximately one Arg688-1182͞five actin molecules. While it is possible that this fragment of Arg has low specific activity for F-actin binding, a plot of Arg688-1182 binding to F-actin (Fig. 1F ) reveals that binding appeared to be reaching saturation in our experiments. One possible explanation is that the removal of N-terminal residues from Arg creates steric changes in the C-terminal half that prevent Arg688-1182 from binding F-actin at a maximal density.
Our finding that Arg binds cooperatively to F-actin suggests that either Arg molecules self-associate after initial contact with an actin filament or Arg binding to F-actin induces a conformational change in adjacent actin subunits that facilitates binding of the next Arg. In addition to its binding with lower affinity to F-actin than full-length Arg, Arg688-1182 fails to bind cooperatively to F-actin. Arg688-1182 may fail to bind cooperatively because it lacks sequences in the N-terminal two-thirds of Arg, which are required for Arg to self-associate or induce a conformational change in F-actin. Curiously, Arg and Arg688-1182 appear to assemble F-actin into bundles with similar spacing between filaments. These data suggest that the Nterminal half of Arg is accommodated readily in the space between bundled filaments and does not limit how tightly filaments can pack into these bundles.
F-actin has been reported recently to inhibit Abl kinase activity (26) . The interactions between Arg and F-actin might similarly influence Arg kinase activity or substrate selection. It is possible that the two F-actin-binding domains might act as ''sensors'' of the local actin cytoskeleton conformation. Changes in cytoskeletal conformation could regulate Abl family kinases in one of two ways. One or both of the F-actin-binding domains of Arg might regulate the Arg kinase domain in a manner that depends on F-actin binding. Alternatively, rearrangement of actin microfilaments might bring actin-bound substrates in close proximity to the actin-bound kinases.
